Formation of hydroperoxy-, keto-and hydroxy-dienes was studied at 40 ºC in fatty acid 2 methyl esters (FAME) microencapsulated in a dairy-like matrix formed by lactose and 3 sodium caseinate. The FAME were obtained from conventional sunflower oil and the 4 microcapsules were prepared by freeze-drying of an oil-in-water emulsion. For 5 comparative purposes a neat sample of FAME was also tested. Results showed that for a 6
Introduction 23
Dehydration of oil-in-water emulsions containing proteins and/or carbohydrates is a 24 common process in the manufacture of food powders. Today there are a number of 25 formulated food emulsions that are dehydrated such as infant formulae and emulsions 26 containing polyunsaturated lipids or oils as a carrier of flavours, vitamins and other 27 components [1] [2] [3] . The oil in these products is encapsulated as a disperse phase in the 28 inner of solid particles that act as a physical barrier protecting it against oxidation. 29
Evaluation and control of lipid oxidation in microencapsulated lipids is of great 30 significance because it results in the development of objectionable flavors and 31 formation of compounds that may be detrimental to health [4] . The oxidation in these 32 products is quite complex because droplets may oxidize at different rates and have very 33 different oxidation states when the lipid extract is analyzed. Oxidized droplets may 34 occur in the presence of others well protected by the encapsulation matrix. Even when 35 the global content of oxidation products is low due to the oxidation of a minor fraction, 36 complex mixtures of primary, secondary and even advanced oxidation compounds may 37 be detected in quite different proportions to that of a sample of oil in continuous phase 38 with the same total content of oxidation products [5] . It is therefore evident that 39 evaluation of oxidation in such cases would not be possible with the methods of 40 analysis normally applied in labs of quality control, based upon analytical indices such 41 as the peroxide value. 42
In previous studies carried out in our lab, quantitative analysis of the main oxidation 43 products of linoleic acid, i.e. hydroperoxy-, keto-and hydroxy-dienes, has been 44 developed to analyze directly oxidized samples of fatty acid methyl esters (FAME) 45 derived from vegetable oils. transform the oxidized triacylglycerol (TAG) molecules into FAME [9] . 53
Compared to the analytical indices commonly applied to evaluate lipid oxidation, the 54 main advantage of this method is that allows quantitation of compounds and the 55 simultaneous determination of primary oxidation compounds, hydroperoxides, and their 56 principal secondary products, keto-and hydroxy-compounds, in low amounts. In this 57 regard, the quantification of lipid oxidation products in foods constitutes a starting point 58 to determine if the contents in the diet are sufficient to have a role in a variety of chronic 59 diseases, such as cardiovascular diseases and cancer. Oxidized lipids are known to be 60 involved in such diseases, but the real contribution of lipids coming from the diet is 61 unknown because the contents of oxidation products in foods have not been established 62 due to their analytical complexity [10] . 63
The method has only been applied to the analysis of pure FAME, FAME obtained from 64 oils, and vegetable oils that were all oxidized in continuous phase [6] [7] [8] [9] [11] [12] . 65
In this work we study the quantitative formation of hydroperoxy-, keto-and hydroxy-66 dienes in FAME microencapsulated in a dairy-like matrix formed by lactose and sodium 67 caseinate [5] . The FAME were obtained from conventional sunflower oil and the 68 microcapsules were prepared by freeze-drying of an oil-in-water emulsion containing 10 69 wt% FAME, 10 wt% sodium caseinate, 10 wt% lactose and 70 wt% water. The water 70 activity and the glass transition temperature were measured along the oxidation study to 71 examine possible changes of the particle structure. The FAME were encapsulated in a matrix of sodium caseinate and D-lactose according 95 to a previous report [13] . An o/w emulsion was prepared from the FAME and a solution 96
containing the encapsulating components. The weight composition of the emulsion was 97 10% FAME, 10% sodium caseinate, 10% D-lactose and 70% water. A coarse emulsion 98 was prepared in an Ultraturrax DI-25 (IKA, Germany) by applying 454 g for 2 min, 641 99 g for 2 min and 1294 g for 1 min. The emulsion was refined in an EmulsiFlex-C5 100 (Avestin Inc., Canada) high pressure homogenizer by applying 70 MPa and two passes. 101
The emulsion was frozen -32 °C for 24 h and freeze-dried in a lab-scale Heto FD3 102 freeze-dryer (Allerød, Denmark) for 48 h. Finally, in batches of 20 g the dried emulsion 103 was ground in a domestic electronic coffee grinder of 400 mL volume for 10 s at 104 interval of 5 s and a homogenous powder product was obtained. 7 
Oxidation conditions 106
A neat sample of FAME was oxidized in a beaker at 40 ºC in the dark by using an oven 107 with continuous air circulation. The surface-to-volume ratio of the FAME sample was 108 as high as 5 cm -1 so that oxidation was developed under non-limited oxygen conditions. 109
Three aliquots of 100 mg each were sampled periodically in a period of 7 days. 110
Independent 10-g samples of dried microencapsulated FAME were oxidized at 40 ºC in 111 closed amber bottles of 250 mL. An assay tube with 10 mL of a saturated solution of 112 potassium acetate was placed into each bottle to create an atmosphere of 23% relative 113 humidity [14] . Periodic samplings were performed in a period of 12 days. Three bottles 114
were drawn from the oven in each sampling and the samples were kept at -25ºC until 115
analysis. 116
Analyses of intact dried microencapsulated samples 117
Water activity 118
The water activity of the microencapsulated samples was measured using a PawKit 119 hygrometer (Decagon Devices Inc., Pullman, WA, USA). 120
Glass transition temperature 121
The glass transition temperature (T g ) of the microencapsulated FAME was determined 122 using a DSC Q 2000 calorimeter (TA Instruments, New Castle, DE, USA) according to 123 a previous report [13] . 124
Lipid extraction from the microencapsulated samples 125 8 The free lipid fraction was extracted according to Sankarikutty, Sreekumar, Narayanan, 126 & Mathew [15] . A volume of 100 mL of n-hexane was added to 10-g sample and 127
stirring was applied at room temperature for 15 min. The solvent was filtered through a 128 filter paper and evaporated in a rotary evaporator at 40 ºC. The extract was dried to 129 constant weight using a stream of nitrogen. The treated powder was left in a fume 130 cupboard until the complete loss of trace hexane. 131
The encapsulated lipid fraction was extracted with dichloromethane and methanol (2:1, 132 v/v) in the absence of water according to a previous report [16] . In brief, a 75 mL 133 volume of dichloromethane followed by a 35 mL volume of methanol was added to the 134 sample. The mixture was vigorously stirred in a magnetic stirrer at room temperature for 135 30 min. The solvent was filtered through a filter paper and evaporated at 40 °C in a 136 rotary evaporator. The extract was finally dried to constant weight using a stream of 137 nitrogen. 138
Analysis of FAME 139
Analysis by HPLC 140
The main oxidation products of methyl linoleate, i.e. hydroperoxy-, keto-and hydroxy-141 dienes, were determined quantitatively by an HPLC-UV method developed by our lab 142 HPLC analysis showed that the chromatograms of the lipid extracts of the 185 microencapsulated FAME were not different from those of the neat sample in terms of 186 occurrence of new peaks or changes in the distribution of isomers in each group of 187 compounds (Fig. 1) . 188
As expected, oxidation was quicker in the continuous system. The hydroperoxides 189 showed a period of slow formation followed by another of acceleration in both systems. 190
Keto-and hydroxy-dienes displayed a similar pattern to that of hydroperoxides (Fig. 2) . fractions of the powder sample showed significantly much more elevated amounts of 203 secondary products for a given content of hydroperoxydienes (Fig. 3) . Whereas in the 204 neat sample the relative contents of keto-and hydroxy-dienes as a whole were not 205 higher than 1.5 wt% of the total compounds analyzed by HPLC, i.e. hydroperoxy-, keto-206 and hydroxy-dienes, the lipid fractions of the microencapsulated FAME showed values 207 between 6 and 31 wt%. In addition, unlike the neat sample and other samples of neat 208 FAME studied at different conditions elsewhere [7, 8] , hydroxydienes formed at 209 significantly higher amounts than ketodienes in the microencapsulated FAME. 210
The larger contents of degradation products from hydroperoxides found in the 211 microencapsulated sample can be attributed to the discontinuous nature of oxidation in a 212 product where the lipids constitute a disperse phase [5] . The extracts would come from 213 lipid droplets with very different extents of oxidation. On the one hand, the lipid 214 fraction would be formed from droplets relatively protected by the matrix, in early 215 stages of oxidation and so with hydroperoxides and very low contents of secondary 216 12 products and, on the other, from droplets in advanced stages in which hydroperoxides 217 decompose more quickly than are formed generating substantial contents of secondary 218 oxidation products. This hypothesis was supported by the analysis of polymers. 219
Likewise, for a given concentration of hydroperoxides the contents of polymers were 220 also more elevated in the encapsulated lipid fraction than in the neat FAME sample 221 (Fig. 4) , indicating formation of advanced oxidation compounds in certain droplets. The 222 free lipid fraction exhibited an intermediate situation between the continuous system 223 and the encapsulated fraction (Fig. 3-4) and therefore also showed lipid droplets 224 oxidizing at different rates. In previous studies, however, the free lipid fraction of dried 225 microencapsulated oils showed an oxidative pattern similar to that of oils in continuous 226 phase [5, 14] . Unlike the encapsulated fraction, most of the free oil comes from discrete 227 discontinuous deposits localized on the surface of the powder particles, constituting the 228 surface oil [20, 21] . However, part of the free oil is also formed from droplets localized 229 in the vicinity of the particle surface that are accessible to the extraction solvent. These 230 keep their structure and are completely surrounded by the encapsulation matrix. This 231 more internal subfraction may oxidize following a pattern characteristic of a 232 discontinuous phase. 233
Compared to the free fraction, polymerization in the encapsulated FAME occurred at 234 early stages of oxidation (Fig. 4) . This early polymerization is in agreement with results 235 of previous studies [14] . Even though the total content of the oxidation products 236 increased much more quickly in the free fraction of dried microencapsulated oils along 237 storage, polymerization was detected at quite earlier stages in the encapsulated oil. It 238 was suggested that a subfraction of the encapsulated oil was very susceptible to lipid 239 oxidation and oxidized much more quickly than the free oil. 240 13 With regard to the higher contents of hydroxy-than keto-dienes found in the lipid 241 extracts, the results suggest that these differences could be related to an effect of the 242 encapsulation matrix, acting as a potent donor of hydrogen or as a reducing agent of 243 hydroperoxides. Due to its emulsifying properties and so its elevated concentration in 244 the interface oil-matrix, it seems reasonable to think that sodium caseinate could be 245 and the compounds with a trans,trans configuration were somewhat more abundant as a 264 result [7] . 265 14 The higher contents of hydroxy-compared to keto-dienes in the microencapsulated 266 FAME could also be explained by a direct reduction of hydroperoxides to hydroxides. 267
In fact, hydroxydienes were detected in both lipid fractions at early stages of oxidation 268 (Fig. 3) . In this respect, methionine and cysteine residues in proteins, including casein, 269 have shown peroxide scavenging activities in aqueous systems and it has been 270 suggested that lipid hydroperoxides can be transformed into the corresponding 271 hydroxides through a two-electron reduction [26] [27] [28] [29] . In contrast to the hypothetical role 272 of the protein acting as a potent hydrogen donor, formation of hydroxides by direct 273 reduction of hydroperoxides would explain the fact that the geometrical isomers of 274 hydroperoxydienes and those of their derived compounds were those characteristic of 275 uninhibited oxidation. In addition, such formation of hydroxides is not in contrast to the 276 assumption that the larger contents of degradation products from hydroperoxides found 277 in the microencapsulated sample can be attributed to the discontinuous nature of lipid 278 oxidation in these systems. Reduction of hydroperoxides to relatively more stable 279 compounds would not give rise to an increase in the global oxidation rate nor in the 280 formation of compounds of advanced oxidation, i.e. polymers. 281
Conclusions 282
The results of this study evidence the importance of applying complementary analytical 283 methods to those assessing the primary oxidation products only to evaluate lipid 284 oxidation in dried microencapsulated lipids or other foods in which the lipids constitute 285 a disperse phase. Substantial formation of secondary oxidation products and even 286 polymerization compounds can occur even when the level of global oxidation is low. 287
The oxidative degradation of certain droplets or minor lipid fractions could help explain 288 the development of rancidity in foods presenting quite low contents of hydroperoxides. 
